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Scintillation light in standard LAr neutrino detectors 
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ICARUS T600 cosmic muons: charge and light signals
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MicroBooNE simulation

Useful for:

1.Trigger signal

2.t0 determination

3.Cosmic background rejection

Low (10-5-10-4)  light detection efficiency sufficient

Essential for non-beam physics

Essential for surface detectors
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More efficient light detection systems are possible

Experiment Fiducial Coverage Reflecting Light yield Detection

mass (tons) (%) surfaces (PEs/MeV) efficiency

ICARUS T600 476 0.5 No ∼1 at 0.5 kV/cm [56] ∼ 6 ·10
−5

LBNO-DEMO 300 0.5 No ∼1 at 0.5 kV/cm [14] ∼ 6 ·10
−5

MicroBooNE 70 0.9 No ∼2 at 0.5 kV/cm [57] ∼ 1.3 ·10
−4

CAPTAIN 5 0.5 No 2.2 at 0.5 kV/cm [58] 1.4 ·10
−4

LArIAT-1 0.24 0.3 Yes 5 ·10
1

at 0 kV/cm [59] 9.8 ·10
−4

ArDM-1t 0.85 18 Yes 2 ·10
3

at 0 kV/cm [60] 4 ·10
−2

DEAP-3600 1 75 Yes 8 ·10
3

at 0 kV/cm [61] 1.6 ·10
−1

DarkSide-10 0.01 22 Yes 9 ·10
3

at 0 kV/cm [62] 1.8 ·10
−1

Table 1. Scintillation light yield (in PEs per MeV) and light collection efficiency for current LAr detectors

used in neutrino physics and for dark matter direct searches, ordered according to increasing efficiency.

Information on the detector fiducial mass, the active area coverage of photon detectors, and on the use of

reflecting surfaces is also given.

In current-generation neutrino detectors such as ICARUS T600 [2] or MicroBooNE [17],

scintillation light is read via sparsely populated, large-area cryogenic photomultiplier tubes (PMTs)

surrounding the TPC active volume. In order to match the wavelength sensitivity of standard PMT

photo-cathodes, the argon scintillation light (128 nm) is shifted to blue light (about 430 nm) by

coating either PMTs, or acrylic plates placed in front of them, with tetraphenyl-butadiene (TPB).

From Tab. 1, we can see that improvements in light collection efficiency of about one order of

magnitude with respect to these detectors would be needed to reach efficiencies of order 10
−3

.

The most straightforward way to obtain enhanced sensitivity to scintillation light in large LAr

detectors relies on the use of reflecting surfaces, on a significantly higher active area coverage, or on

a combination of both. Information on PMT coverage and on the use of reflecting surfaces is also

reported in Tab. 1. In LAr dark matter detectors, the TPC active volume is surrounded by reflecting

panels or foils (typically made of PTFE), coated with a wavelength shifting material (TPB) for

increased reflectivity. As a result, detection efficiencies in excess of 10
−1

have been accomplished,

although on a small (ton-scale) detector size. In contrast, no reflecting surfaces are typically used

in LAr neutrino detectors. One exception is the LArIAT test beam experiment [19], specifically

designed to test the importance of scintillation light information in event reconstruction in LAr TPCs

for neutrino physics. In this case, light detection efficiencies of order 10
−3

are expected even with a

reduced PMT coverage, thanks to light reflectors. The LArIAT expected light yield has been recently

confirmed through a direct measurement on a small scale prototype [63]. The main drawback of

adding reflector panels is the degraded performance to image tracks in LAr using light information.

In LAr detectors exposed to pulsed neutrino beams and operated on the surface, the latter capability

is useful to identify cosmic ray tracks occurring in coincidence with the beam [64].

Concerning the active area of photon collection systems, detectors for neutrino physics have

typically PMT coverages below 1%, while coverages in excess of 10% are common for dark matter

detectors, see Tab. 1. For increased coverage, the simplest solution is to substantially increase the

number of large-area PMTs. This approach is viable for current-generation LAr neutrino detectors,

– 18 –
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Opportunities offered by enhanced light detection
Enhanced ↔ 10-3 detection efficiency or higher (see arXiv:1405.0848 )
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Focus on two key performance indicators for neutrino oscillation physics:

Neutrino energy resolution Muon charge identification
4.2 Simulation of Neutrino Oscillation Experiments 89

Table 4.2: Estimated range of the LArTPC detector performance parameters for the primary oscillation
physics. Signal efficiencies, background levels, and resolutions are obtained from ICARUS and earlier sim-
ulation efforts (middle column) and the value chosen for the baseline LBNE neutrino oscillation sensitivity
calculations (right column).

Parameter Range of Values Value Used for LBNE Sensitivities

For νe-CC appearance studies

νe-CC efficiency 70-95% 80%
νµ-NC misidentification rate 0.4-2.0% 1%
νµ-CC misidentification rate 0.5-2.0% 1%
Other background 0% 0%
Signal normalization error 1-5% 1-5%
Background normalization error 2-15% 5-15%

For νµ-CC disappearance studies

νµ-CC efficiency 80-95% 85%
νµ-NC misidentification rate 0.5–10% 1%
Other background 0% 0%
Signal normalization error 1-10% 5–10%
Background normalization error 2-20% 10-20%

For ν-NC disappearance studies

ν-NC efficiency 70-95% 90%
νµ-CC misidentification rate 2-10% 10%
νe-CC misidentification rate 1-10% 10%
Other background 0% 0%
Signal normalization error 1-5% under study
Background normalization error 2-10% under study

Neutrino energy resolutions

νe-CC energy resolution 15%/
�

E(GeV ) 15%/
�

E(GeV )
νµ-CC energy resolution 20%/

�
E(GeV ) 20%/

�
E(GeV )

Eνe scale uncertainty under study under study
Eνµ scale uncertainty 1-5% 2%

tained muons is found to be in the range 10 − 15% [140,141] for muons in the 0.5 GeV to 3 GeV
range. The νµ total energy resolution in LBNE is, therefore, assumed to be 20%/

�
E(GeV); the

resolution will be significantly better than this for the small subsample of events in which muons
are fully contained by the detector.

Figures 4.2 and 4.3 show the predicted spectra of observed signal and background events in LBNE
produced from the GLoBES implementation, including the effects of neutrino oscillation. Fig-
ure 4.2 shows the νµ and νµ-CC sample and Figure 4.3 shows the νe and νe-CC appearance sample.
Table 4.3 shows the expected LBNE signal and background event rates in νµ disappearance and νe

The Long-Baseline Neutrino Experiment

90 4 Neutrino Mixing, Mass Hierarchy, and CP Violation
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Figure 4.2: The expected reconstructed neutrino energy spectrum of νµ or νµ events in a 34−kt LArTPC

for three years of neutrino (left) and antineutrino (right) running with a 1.2−MW beam.

Table 4.3: Expected number of neutrino oscillation signal and background events in the energy range

0.5 GeV to 8.0 GeV at the far detector after detector smearing and event selection. The calculation assumes

sin2(2θ13) = 0.09 and δCP = 0. The event rates are given per 10−kt LArTPC and three years of running

with the improved 80−GeV LBNE beam at 1.2 MW. For signal, the number of ν and ν events are shown

separately, while for the background estimates ν and ν events are combined. The MH has negligible impact

on νµ disappearance signals.

Beam Hierarchy Signal Events Background Events

νx/νx CC νµ NC νµ CC νe Beam ντ CC Total

νµ → νx=µ (disappearance)

Neutrino - 2056/96 23 N/A - 18 41

Antineutrino - 280/655 10 N/A - 10 20

νµ → νx=e (appearance)

Neutrino Normal 229/3 21 25 47 14 107

Neutrino Inverted 101/5 21 25 49 17 112

Antineutrino Normal 15/41 11 11 24 9 55

Antineutrino Inverted 7/75 11 11 24 9 55

appearance modes for neutrinos and antineutrinos, for normal (NH) and inverted (IH) hierarchy.

The rates are given per 10 kt of fiducial LArTPC mass.

The GLoBES implementation used in the sensitivity studies presented here appears to be in good

agreement with more recent results from the Fast MC, described in Section A.3. Updated sensitivity

and systematics studies are currently underway using the Fast MC for detector simulation, and

customized GLoBES-based software for the oscillation fits and propagation of systematics. A full

The Long-Baseline Neutrino Experiment
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Simulation tool: LArSoft
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ν-Ar interactions simulated 
with GENIE
•νe, νμ, ν̅μ CC interactions
•1-6 GeV energy range

Passage of particles in LAr simulated with Geant4
•LBNE-10kt geometry
•Neutrino interactions only near detector center
•QGSP_BERT physics list
•NeutronTrackingCut turned off

))2dE/dx (MeV/(g/cm
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Charge/light production simulated with NEST
•Energy partitioning between Ar ionization and 
excitation
•Quenching of charge/light for highly ionizing 
nuclear fragments
•Recombination (r) of ionization electrons



Neutrino energy resolution
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Limitations of quasi-elastic neutrino energy 
reconstruction

7

•QE reconstruction: neutrino energy by measuring energy/direction of outgoing lepton

Assumptions:

•νl + n → l- + p reaction

•neutron at rest

•neutrino direction known
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Figure 2. Ratio of reconstructed neutrino energy EQE using the quasi-elastic interaction assumption (Eq. 3.1),

divided by the true neutrino energy Eν , according to simulations. The left (right) panel refers to 1 GeV (4

GeV) νe CC interactions in liquid argon. The green, yellow, orange and blue colors indicate quasi-elastic,

resonant, deep inelastic and coherent interactions, respectively.

including the QGSP_BERT model, the reader should consult [26]. Finally, a comparison of the

NEST recombination model in Eq. 2.1 with ICARUS data [30] is shown in Fig. 1. The ICARUS

recombination trend with linear energy transfer is well reproduced by the simulation, but NEST

predicts an overall lower recombination probability (that is, a higher escape probability, 1− r)

compared to what suggested by ICARUS data.

3. Neutrino energy reconstruction

A fundamental event observable that needs to be reconstructed in most neutrino oscillation or

neutrino scattering experiments is the energy of the incoming neutrino, Eν . This can be done reliably

only for CC neutrino interactions, so that we restrict the discussion to this type of interaction.

Depending on the neutrino energy range, one of two methods is typically used for this purpose,

which we call quasi-elastic and calorimetric neutrino energy reconstruction, in the following.

In the quasi-elastic reconstruction, the incoming neutrino energy is estimated by measuring the

energy and direction of the outgoing charged lepton. One assumes that the reaction proceeds via

the quasi-elastic channel νl +n → l−+ p, that the target neutron is at rest, and that the incoming

neutrino direction is known. With these assumptions, the quasi-elastic neutrino energy can be written

as:

EQE =
1

2

m2
n − (mp −V )2 −m2

l +2(mp −V )El

(mp −V )−El + |�pl| · cosϑl
(3.1)

where mn, mp and ml are the neutron, proton and charged lepton mass, respectively, V is the binding

energy (about 30 MeV in argon), El , |�pl| and ϑl are the charged lepton total energy, momentum and

angle with respect to the neutrino direction, respectively. The ratio of reconstructed neutrino energy

EQE using Eq. 3.1, divided by the true neutrino energy Eν , is shown in Fig. 2 for simulated νe CC

interactions in liquid argon. As shown in Fig. 2 and as is well known, Eq. 3.1 works very poorly for

inelastic neutrino interactions such as resonant interactions and deep inelastic scattering. As the

– 5 –
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Calorimetric neutrino energy reconstruction
Contributions to resolution

1.Nuclear effects in neutrino interactions

2.Non-deposited energy carried away by neutrinos

3.Particle (other than ν) leakage out of active volume

4.Quenching of ionization/excitation from nuclear fragments

5.Electron-ion recombination

6.Electron attachment along drift

7.Electronic noise 
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•Calorimetric reconstruction: add all energy deposited in active volume, as estimated 
from ionization electrons reaching readout planes (Ne)

•Effects limiting calorimetric measurement:
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•Calorimetric reconstruction: add all energy deposited in active volume, as estimated 
from ionization electrons reaching readout planes (Ne)
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Electron-ion recombination
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•Charge per deposited energy depends on 
recombination (and quenching) effects

•Different charge response for different particles

•Anticorrelation between charge and light, since each 
recombined electron (Ne) gives rise to one photon (Nγ)

500 MeV particles
e-

π+

p

e- π+
p
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Calorimetric neutrino energy reconstruction
Impact of electron-ion recombination

1.Nuclear effects in neutrino interactions

2.Non-deposited energy carried away by neutrinos

3.Particle (other than ν) leakage out of active volume

4.Quenching of ionization/excitation from nuclear fragments

5.Electron-ion recombination

6.Electron attachment along drift

7.Electronic noise 
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Calorimetric neutrino energy reconstruction
Impact of electron-ion recombination
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2.Non-deposited energy carried away by neutrinos
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Missing energy from secondary neutrinos
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•Missing energy from secondary neutrinos: 
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Figure 5. Total missing energy in the form of secondary neutrinos, Emiss, versus the missing energy due to

secondary neutrinos produced in muon decays only, Emiss,µ . The plot refers to 4 GeV νe CC interactions.

Three populations can be seen for increasing Emiss values: interactions with 0 muon decays (at Emiss= 0), 1

muon decay (left box) and 2 muon decays (right box).

highly suppressed cosmic ray flux compared to surface detectors, other calibration strategies may

have to be considered.

3.2 Impact of missing energy in the form of secondary neutrinos

Another factor limiting the calorimetric neutrino energy reconstruction of any detector is the

fluctuation introduced by the undetected energy per event that is carried away by secondary neutrinos.

Secondary neutrinos typically arise from the decays of muons and charged pions in the neutrino

interaction final state. Charged pions are produced in inelastic neutrino interactions. Muons are

produced either directly in CC interactions of muon neutrinos or antineutrinos, or indirectly as pion

decay products.

We show in Fig. 5 that the knowledge of the missing event energy in the form of secondary

neutrinos produced in muon decays (Emiss,µ ) provides a very good estimate of the total energy

carried away by secondary neutrinos in the event (Emiss), for electron neutrino interactions. In this

case, muons are mostly produced via pion decay, and the dominant process producing secondary

neutrinos is:

π+ → µ++νµ , µ+ → e++νµ +νe (3.2)

We obtain that the average µ+
multiplicity per event in 4 GeV νe interactions is about 0.42.

On the other hand, very few π−
’s decay to produce negatively-charged muons, with an average µ−

multiplicity per event of less than 0.01 for the same type of events. As shown in Fig. 5, for events

with no no muons, Emiss is zero, and no correction is needed. For events with a muon multiplicity

of one (two), Emiss is about 30 (60) MeV higher than Emiss,µ . This can be readily understood from

Eq. 3.2, accounting for the energy carried away by the νµ ’s produced in π+
decays at rest. As a

– 10 –

Emiss,μEmiss=Emiss,π + Emiss,μ
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measure Michel electron energy 

•Numbers on the left for 100% light 
detection efficiency

4 GeV νe CC 30 MeV decay e

fast component

slow component



12

Calorimetric neutrino energy reconstruction
Impact of secondary neutrinos

1.Nuclear effects in neutrino interactions

2.Non-deposited energy carried away by neutrinos

3.Particle (other than ν) leakage out of active volume

4.Quenching of ionization/excitation from nuclear fragments

5.Electron-ion recombination

6.Electron attachment along drift

7.Electronic noise 
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Calorimetric neutrino energy reconstruction
Achievable resolution
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•3-4% RMS neutrino energy resolution for few-GeV νe CC in ideal LAr possible

•Limited by nuclear and quenching effects

•Large differences between charge-only LArSoft-based estimate, and LBNE/LBNO assumptions
Likely due to treatment of low-energy neutrons, maybe other hadronic physics aspects



Muon charge identification
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Ideal case: LAr magnetization

15
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Figure 15. MC simulation of a 4 GeV CC !e event in a magnetized LAr-TPC as seen in collection view. 
The final state contains an electron, a "0, a "+ and a proton. The magnetic field is 1 Tesla, orthogonal to 
the picture. 

 

 
 

Figure 16. The first 10 m long MgB2 cable recently successfully assembled and tested at CERN [37]. 

•Measure track curvature in magnetic field is best

•Best charge ID, and not only for muons

•Figure shows MC simulation of 4 GeV νe CC in 
magnetized LAr TPC (ICARUS at FNAL proposal) 

•But... technically challenging and expensive



Ideal case: LAr magnetization

What can be done on muon charge ID without magnetization, particularly 
exploiting high (74%) μ- capture on Ar?
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Particles produced in muon decay or capture
Kinetic energy and time distributions
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4 GeV ν̅μ CC:

•Little capture

•More decay e±

4 GeV νμ CC:

•More capture

•Fewer decay e± 

e+

e-

n,γ



Muon charge ID performance
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•Michel electron (mostly e+) candidate: >10 MeV kinetic energy and >100 ns decay time

•μ- (ie, νμ CC) candidate events: events with no Michel electron candidates

•νμ CC ID efficiencies of about 50%, and ν̅μ CC mis-ID rates of few %, for fully 
contained muon events

74% capture

νμ CC

ν̅μ CC

•νμ CC ID efficiency bounded from 
above at 74% capture probability

•Efficiency decreases with energy 
because π+ production increases

•Mis-ID rate entirely driven by dead 
time (100 ns assumed here)



LArIAT measurements exploiting light
Some examples: there are much more, I am sure!
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Recombination studies and calorimetry
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•Measure charge and light signals per 
deposited energy for different stopping 
particle types

•Few percent effects (not easy!) on:

•Average charge and light signals

•Charge-light anticorrelation

•LArIAT would be first LAr-based 
detector studying this!

protons

electrons



Michel electron and muon charge identification 
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•Use stopped muon sample to quantify:  

•Michel electron tagging efficiency
→μ- ID efficiency, muon charge mis-ID rate

•Michel electron energy resolution

using light information (and other techniques?)

•LArIAT would be first LAr-based detector 
studying this!

200 MeV μ 30 MeV decay e ε=1



Conclusions
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•LAr detectors with enhanced sensitivity to scintillation light could offer additional 
opportunities, such as superior neutrino energy reconstruction or muon charge ID 

•These conclusions are based on detailed charge and light production simulation in LAr, but 
rather idealized detector response modeling

•Would be nice study whether main conclusions hold in more realistic detector simulation 

•In fact, even better: LArIAT is the perfect detector to actually measure (much of) this!

•I hope it can be done


